We have developed a method for in situ hybridization of adult bone tissue utilizing undecalcifed sections and have used it to histologically examine the mRNA expression of non-collagenous bone matrix proteins such as osteocalcin (bone Gla protein, BGP), m a t h Gla protein (MGP), and osteopontin in adult rats. Expression was compared with that in bone tissues of newborn rats. In the adult bone tissue, o s t d c i n mRNA was strongly expressed in periosteal and endosteal cuboidal osteoblasts but not in primary spongiosa near the growth plate. Osteopontin mRNA was strongly expressed in cells present on the bone resorption surface, osteocytes, and hypertrophic chondrocytes, but not in cuboidal osteoblasts on the formation surface. Osteopontin and
Introduction
Osteocalcin (bone Gla protein, BGP) (13,23), matrix Gla protein (MGP) (24.25) . and osteopontin (6, 19, 27) are non-collagenous bone matrix proteins that have been isolated from bone tissues. Osteocalcin is present only in bone and dentin (13,23), whereas MGP and osteopontin are also present in several other organs (9, 12, 15, 17, 35) . Both osteocalcin and MGP are vitamin K-dependent matrix proteins containing y-carboxyglutamic acid (32) . Although the functions of osteocalcin have yet to be determined, the observation that warfarin-treated bone is not resorbed by osteoclasts may be indicative of an important role in bone resorption (10, 14) . Price et al. (26) observed excessive mineralization with growth plates in warfarin-treated rats and suggested that osteocalcin is a negative regulator of mineralization. To date, the functions of MGP remain unknown. Osteopontin contains the Arg-Gly-Asp-Ser (RGDS) amino acid sequence found in fibronectin and other adhesionpromoting extracellular proteins (28, 32) . Osteopontin is capable I Supported by grants-in-aid (03771283) from the Ministry of Science, Education and Culture of Japan.
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osteocalcin "As
were expressed independently and the distribution of cells expressing osteopontin mRNA corresponded with acid phosphatase-positive mononuclear cells and osteoclasts. Expression of MGP mRNA was noted only in hypertrophic chondrocytes. In nmborn rat bone tissues, expression of o s t d c i n mRNA was much weaker than in adult rat bone tissues. These results clearly indicate the differential expression of "As of non-collagenous bone matrix proteins in adult rat bone tissues. ( J Hisrochem KEY WORDS: In situ hybridization; Osteocalcin (bone Gla protein, BGP); Osteopontin; Matrix Gla protein; Rat; Bone; Undecalcified section.
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of binding tightly to hydroxyapatite (6). and therefore appears to be an extracellular protein associated with cell adhesion or adhesion of cells to the mineralized matrix.
Using in situ hybridization, Nomura et al. (17) noted the expression of osteopontin and osteonectin "As in bone and several other tissues of embryonic and newborn mice. Strauss et al. (31) reported the expression of Type I collagen, alkaline phosphatase, osteocalcin, osteonectin, and osteopontin mRNAs in in vitrocultured mandibular condyles of newborn mice. The immunohistochemical localization of MGP in certain soft tissues was reported by Frazer and Price (9, but its localization in bone has yet to be determined.
To our knowledge, there have been no reports on in situ hybridization of adult bone tissues, although a few immunohistochemical studies have been conducted (1,4,11). This may be attributable to technical difficulties encountered in performing immunohistochemical analyses or in situ hybridization of calcified tissue. We have recently developed a method for in situ hybridization of adult bone tissues that utilizes undecalcified sections. Comparison was made of the expression of osteocalcin, MGP, and osteopontin mRNAs in bone tissues of adult and newborn rats. In adult bone tissue, osteocalcin and osteopontin "As were found to be expressed independently. In contrast, MGP mRNA was noted to be expressed only in hypertrophic chondrocytes that also expressed osteopontin mRNA. IKEDA, NOMURA, YAMAGUCHI, SUDA, YOSHW Materials and Methods Tissue Preparation. All newborn and adult rats were of the Sprague-Dawley strain. Two-day-old rats were sacrificed under light diethyl ether anesthesia. The frontally sectioned cranium and femur were fixed for 18 hr at 4'C with 4% formaldehyde solution in phosphate buffer prepared from paraformaldehyde just before use. Eight-week-old adult rats anesthetized in diethyl ether vapor were fixed by cardiac perfusion with the 4% formaldehyde solution. The calvariae and femurs were dissected free and fixed in the same manner as the newborn tissues, in the same fixative for 18 hr at 4°C.
Preparation of UndecalcXed Bone Sections. All fixed samples were dehydrated in ethanol, cleared in xylene, and embedded in a 7:3 mixture of methylmethacrylate and butylmethacrylate resins (Wako Pure Chemical Industries; Osaka, Japan) containing 3 % benzoyl peroxide (Nisshin EM; Tokyo, Japan), 1600 vol. of N,N-dimethylaniline (Wako), and 1:20 vol. of methanol. Polymerization was conducted in tightly sealed vessels at 4°C for 24 hr. After polymerization, 3-pm thick plastic serial sections were cut with a Reichert-Jung 1140 Autocut microtome. The sections were stretched under chloroform vapor on a 1% acetic acid-containing petri dish which was then placed in a sealed vessel containing chloroform. Sections were mounted on glass slides coated with 0.01% poly-L-lysine (Sigma; St Louis, MO). For in situ hybridization, the plastic in the sections was removed by immersion in l-acetoxy-2-methoxyethane (Wako) and subsequent steps which have been described elsewhere. As a control, routine hematoxylin and eosin staining was done.
In Situ Hybridization. [3'S]-UTP-labeled single-stranded anti-sense and sense RNA probes for cDNAs cloned into pGEM-1 [rat osteocalcin (5) and mouse osteopontin (30)] or pcDNAII [rat MGP cloned from rat osteoblastic cell line, ROB-C2O (34)] were prepared with SP6 or T7 polymerase using an SPGIT7 transcription kit (Boehringer; Mannheim, Germany).
[35S]-UTP-labeled probes were used for hybridization at a concentration of 1 x lo4 cpml pl. Treatment of the slides and hybridization conditions were as previously described (17) . After hybridization, the sections hybridized with osteocalcin or MGP were treated with 50 pg/pl of RNAse A in 10 mM Tris-HC1, pH 7.6, 1 mM E m , and 500 mM NaCl at 37'C for 30 min. RNAse A treatment was omitted for sections hybridized with osteopontin. Sections were washed twice in 2 x SSC and twice in 0.2 x SSC at 5O'C for 30 min. They were then dehydrated in ethanol and dipped in NTB-3 emulsion (Eastman Kodak Rochester, NY) diluted 11 with 2% glycerol solution. The dipped slides were placed on an ice-cold plate for 15 min. dried at room temperature for 3 hr, and exposed at 4'C in dessicated slide boxes. The exposed slides were developed in a D-19 developer for 3 min at 20"C, fixed in an F5 fixative for 7 min, and finally washed with water for 30 min. They were counterstained with hematoxylin and eosin.
Histochemical Procedure for Acid Phosphatase Activitp Assessment.
Histochemical staining for acid phosphatase activity was done by the method of Burstone (3). using naphthol AS-MX phosphate (Sigma) as a substrate. Briefly, 5 mg of the substrate were dissolved in 0.25 ml of N,N-dimethylformamide (Wako); then 25 ml of 0.2 M acetate buffer solution (pH 5.0) and 25 ml of distilled water were added. Thirty mg of fast red AL salt (Tokyo Kasei Kougyou; Tokyo, Japan) were added to the solution as a coupler. After filtration of the staining solutions, sections were incubated for 30 min at 37'C to detect acid phosphatase activity. The stained sections were counterstained with hematoxylin.
Results

Expression of Osteocalcin, Osteopontin, and MGP mRNAs in Adult Rat Bone Tissue
Expression of Osteocalcin "A.
In the femurs of 8-week-old rats, strong expression of osteocalcin mRNA was found along cortical and trabecular bone (Figures la and Ib) . At a higher magnification, strong osteocalcin mRNA expression was found only in cuboidal osteoblasts along the bone formation surface, and no expression could be detected in cells present on the bone resorption surface (Figures 3a and 3b ). As shown in Figures 1b and 3b , osteocalcin mRNA could not be detected in osteoblasts of primary spongiosa near endochondral ossification sites. In the calvaria, osteocalcin mRNA was clearly present in almost all periosteal osteoblasts and in endosteal cuboidal osteoblasts (Figures 4a and 4b) .
Darkfield microscopic appearance of the section hybridized with a sense strand osteocalcin probe is shown in Figure 2a . No significant hybridization grains could be found on the section.
Expression of Osteopntin "A.
In the femur, strong expression of osteopontin mRNA was found over bone trabeculae and in hypertrophic chondrocytes (Figures la and IC). A higher magnification indicated the presence of osteopontin mRNA in osteocytes, hypertrophic chondrocytes, and cells on the bone resorption surface including some osteoclasts, but no significant hybridization grains were detected in cuboidal osteoblasts on the bone formation surface (Figures 3a and 3c ). To confirm the expression of osteopontin mRNA in osteoclasts, shorter-exposed sections were compared with the serial sections stained with hematoxylin and eosin. Strong expression of osteopontin mRNA could be seen in osteoclsts (Figures 5a and 5b) . To identlfy cells on the bone resorption surface, the specimens were stained for acid phosphatase and its distribution was compared with that of osteopontin "A.
As shown in Figures 5c and 5d , the distributions of the two were quite consistent. In the calvaria, osteopontin mRNA was noted in osteocytes and in some endosteal surface cells other than the cuboidal osteoblasts (Figures 4a and 4c) .
Compared with the distributions of osteopontin and osteocalcin "As in serial sections, the two "As were distributed independently (Figures 3b, 3c , 4b, and 4c). Darkfield microscopic appearance of the section hybridized with a sense strand osteopontin probe is shown in Figure 2b . No significant hybridization grains could be found on the section.
Expression of MGP "A.
In the femur, MGP mRNA was found to be expressed in hypertrophic chondrocytes of the growth plate and epiphyseal surface near the knee joint, but not in osteoblasts, osteocytes, or other bone surface cells (Figures la, Id,  3a, and 3d ). In the calvaria, no MGP mRNA could be found (Figure 4d) .
A comparison of the distributions of osteopontin and MGP mRNAs indicated that hypertrophic chondrocytes near endochondral ossification sites express both "As (Figures 3a, 3c, and 3d ). Darkfield microscopic appearance of the section hybridized with a sense strand MGP probe is shown in Figure 2c . No significant hybridization grains could be found on the section.
Expression of Osteocalcin, Osteopontin, and MGP in Bone Tissues of Newborn Rats
Osteocalcin mRNA was shown to be weakly expressed in osteoblasts of the periosteum and endosteum of the femur and calvaria ( Figures  6a, 6b, be, and 6k ). The expression of osteocalcin mRNA in 2-day-old bone tissues was mmh weaker than that in 8-week-old bone tissues (Figures 3b, 4b, bb, and 6k) . Figure 1 . Sections were exposed to emulsion for 2 weeks. Bar = 1 mm.
Osteopontin mRNA was detected in osteoblasts, osteocytes, and hypertrophic chondrocytes (Figure 6a. 6c, 6f, and 61) . The expression of osteopontin mRNA was stronger in the endosteal than in the periosteal region (Figures 6c and 61) . In ethmoid and palatal bones, osteopontin mRNA was expressed predominantly in osteoblasts and hypertrophic chondrocytes near endochondral ossification sites (data not shown). In newborn rat bone tissues, osteopontin and osteocalcin mRNAs were not always expressed independently (Figures 6b and 6c , arrowheads).
MGP mRNA was expressed in hypertrophic chondrocytes but not in osteoblasts, osteocytes, or other bone surface cells ( Figures  6d and 6g) , as was the case in 8-week-old rats.
In sections hybridized with sense strand osteocalcin (Figure 6h ), osteopontin (Figure 6i ), and MGP (Figure 6j ) probes, only nonspecific normal background grains were detected.
Discussion
The localization of osteocalcin in bone tissues has been studied immunohistochemically (2,18). Ohta et al. (18) In adult bone tissues, osteocalcin mRNA was expressed in cuboidal osteoblasts and the level was much higher than that in 2-day-old rat bone tissues. A developmental increase in the osteocalcin content of rat bone has been reported (20, 22) . Otawara et al. (20) noted that the osteocalcin content in rat bone tissues increases with age up to 22 weeks, although the blood concentration begins to fall at 2 weeks. The present study confirms these biochemical data and strongly suggests that osteocalcin is associated with mineralization of bone matrix.
The distribution of osteopontin and its mRNA in bone tissues has already been reported (15J6). A novel finding in this study was that osteopontin and osteocalcin " As are expressed independently in adult bone tissues (Figures 3b and 3c ), although this is not always the case in newborn tissues (Figures 6b and 6c) . Cells expressing osteopontin mRNA on the bone resorption surface ap-peared to be acid phosphatase-positive mononuclear cells (Figures  5c and 5d ) and osteoclasts (Figures 3a, 3c , Sa. and 5b). In 2-dayold rat bone tissue, the distribution of cells expressing osteopontin mRNA was greater than that of acid phosphatase-positive cells (data not shown). Therefore, in newborn rat bone tissue, osteopontin mRNA may be expressed in osteoblasts, osteocytes, hypertrophic chondrocytes, and acid phosphatase-positive cells. Reinholt et al. (29) found that osteopontin was present in abundance in regions of the bone surface at which osteoclasts were anchored. Mark et al. (16) noted that in developing rat bones osteopontin was present in osteoblasts, osteocytes, and some osteoclasts. From the present data, a potential physiological function of osteopontin was confirmed to be important to bone resorption.
Osteopontin may be important to the development of cells or tissues, because its expression in embryonic and newbom tissues is comparatively high (17) . Surprisingly, osteocytes and hypertrophic chondrocytes expressed osteopontin mRNA to a fairly high degree even in adult bone tissue. Although the functions of these terminally differentiated cells in adult bone tissues are not well under-stood, these findings strongly suggest that osteocytes and hypertrophic chondrocytes may be essential to bone metabolism from an early stage of development through maturity. The present data support the hypothesis suggested by in vitro studies (31) that hypertrophic chondrocytes are not degenerated senescent cells but rather are a biologically active component of bone tissues.
In the present study, MGP " As were expressed in hypertrophic chondrocytes in bone tissues. Although the functions of MGP are not known, it is possible that MGP is associated with endochondral ossification. The expression of MGP mRNA in newborn rats was studied by Northern blot hybridization and found to occur not only in bone but also in cartilage and several other soft tissues (9,12). In vitro studies have demonstrated the expression of MGP mRNA in osteosarcoma cell lines (7,8) and normal rat osteoblasts (21) . Although the expression of MGP mRNA was found only in hypertrophic chondrocytes in this study, MGP mRNA may also be expressed at a low level in osteoblasts and cells in nonbone tissues. 
